Remote labs are emerging as a necessary tool to support practical classes in engineering studies. It is due to the increasing number of students who combine their studies with work. In fact, there are numerous developments in areas such as electronics and automatic. However, there are only a few of them in the area of electrical machines. This paper presents a testing bench for remote practical training in electric machines. The security challenges presented by these experiments are overcome by software within the remote lab. In addition, a friendly interface has been designed including augmented reality to identify the different elements and to provide information on these items if the student requires it. The testing bench has been developed to be used in different kinds of electrical machines test.
INTRODUCTION
Practical training is an essential part of the engineering studies. Thanks to them, the students take contact with the devices that they will handle in their professional development, allowing them to know their real behaviour. To achieve this, practical classes have traditionally taught in the laboratory classroom. However, the continuous education, strongly encouraged by European Higher Education Area, European Comission (2009), has allowed the number of students who combine their studies with work to increase in the last years. To overcome the problems of these students to attend classes, other way of teaching is being developed.
For example, virtual laboratories including simulation exercises constitute a common practice, as those technologies are mature enough. However, this development is not entirely suitable to complete teaching in engineering disciplines (and others), where hands-on laboratory experimentation is essential for enhancing and completing classroom lectures. Therefore, during the last years, a number of remote laboratory projects have been proposed, aiming to teach fundamental concepts in different engineering fields through the remote operation and control of specific experimental facilities. Different activities towards the development of virtual and remote laboratory systems, Andújar and Mateo (2010) , are carried out by many academic institutions, covering several engineering fields ranging from electronics, Bagnasco et al. (2009 ), Indrusiak et al. (2007 , Sousa et al. (2010) and Andújar et al. (2011) , to the automatic, Vargas et al. (2011) , Santana et al. (2013) and Rodríguez et al. (2009) . The robotic is also an area where remote laboratory has been deeply developed, Tzafestas et al. (2006) , Jara et al. (2011 ), Marín el al. (2005 . In addition, there are some mechanical and chemical engineering experimental set-ups, Cmuk et al. (2008) , Restivo et al. (2009) and Rojko et al. (2010) .
Within the electrical engineering, there are some other remote platforms, Piers et al. (2008) , Cao and Zhu (2010) , Lewis et al. (2009 ), Ferrater-Simón et al. (2009 ), Andria et al. (2007 and Chandra and Venugopal (2012) .
With respect to the electrical machines practical training, the usual material in the laboratory is a bank that works at the voltage of the power system. On the one hand, these machines have a high price. On the other hand, the teacher has the responsibility to ensure the students safety and the machines security. These two facts have made that, in many cases, the laboratory is composed of an only bank. For that reason, and taking into account that the time of practical classes is limited, there is no time for all the students and also those who carry out the practise must inevitably be in the presence of the teacher.
Up to now, those problems have been overcome by virtual laboratories, where there is an engine bench for each student and, also, there are not security or safety problems. Nevertheless, in this way, the contact with the devices is lost. Therefore, remote lab emerges as a more suitable solution to the problem than the virtual. There are only a few remote labs in the Literature dedicated to electrical machines experiments. For example, in Chandra and Venugopal (2012) remote experiments with a DC engine are proposed. LabView TM , a not free software, is used to develop an interface to a remote laboratory. The experiments proposed in this reference are designed to be automatically carried out, without an active interaction by the student.
In this paper, a testing bench for remote practical training in electric machines is proposed. Its core is an engine bench constituted by a synchronous machine driven by a DC engine, both coupled to a tachometer. Driven current going to the continuous machine and field current going to the synchronous machine are remotely controlled by the student. To do that, the necessary signals have been measured and a friendly interface has been developed, into the framework of Easy Java Simulations (EJS), Esquembre (2013), a free authoring tool written in Java. Specifically, in this application, EJS is used to connect the user interface with the real hardware elements that control the engine bench in the lab. Augmented reality (AR), Mejías and Andújar (2012) , has been used to improve the interface by identifying each element that provides the view of the camera. In addition, AR provides information on these items if the student requires it. The view of the camera is also improved with the direct sound from the experimental system (engine bench). It brings on the student's perception of being interacting with a real system. In fact, the rotational speed variations have a direct effect in the sound produced by the electrical machines. The experiment is available for students 24 hours a day by means of a reservation system. The paper is organized as follows: section II explains the structure of the remote testing bench. Section III presents a list of possible experiments to be performed on the remote testing bench. Finally in section IV some conclusions are drawn. 
STRUCTURE OF THE EXPERIMENTAL SYSTEM
In figure 1, a general diagram is shown, with the different elements which compose the developed remote testing bench. In this laboratory, the engine bench is connected to a PC, item A in figure 1 (named associated PC). The PC is directly connected to the control elements presented from now on. An IP camera (Axis mod. 211), item B in figure 1, gets the video and audio signals from the laboratory and sends it to the user interface, after the user has accessed to the experimental system with the corresponding reservation.
A communications server, item C in figure 1, is connected to the laboratory intranet as well as to the University corporate network, by means of a communications software designed for the purpose. This server guarantees the necessary links for the students to communicate from their computers to the engine bench located in the laboratory. This software provides, automatically, the necessary connections based on the reservations made by the students and on the experiment connection requests. With guaranteed connections, it can be said that the access to the laboratory resources is ensured, as well as their correct use. • Turning on/off the experiment supply, according to the instructions received from the PC, through a set of optocoupled relays, item I in figure 1. • Configuring the connections suitable for each test of the synchronous generator, through a contactor, item J in figure 1. The current going into the DC engine rotor is supplied by a current source, item K in figure 1, which is controlled by an analog output board, item L in figure 1, Phidgets Inc. (2013b) . This device is also the controller of field current supplied by the current source H.
Finally, a voltmeter is used to show the measure of vacuum voltage in the vacuum test, item M in figure 1, and an ampermeter is used to show the short circuit current in the short circuit test, item N in figure 1.
The part of the remote testing bench located in the physical laboratory is shown in figure 2 , where the devices presented in figure 1 are indicated. Figure 3 shows the general scheme of the complete scenario for the class lab by the developed remote testing bench, including all the implicated agents. The laboratory infrastructure, located in the University, is constituted by the experimental system, item 1 in figure 3 , the associated PC, item 2 in figure 3, and IP camera, item 3 in figure 3. The two last elements are directly connected to the laboratory intranet by means of an Ethernet switch, item 4 in figure 3 . The main communications system, item 5 in figure 3, is a server running specific software. This software has been designed to automatically generate, from the reservation made by the student, the communication links necessary for the user to have transparent access to the experimental system located in the laboratory.
By means of EJS, a file is generated. It is named Augmented Reality Remote Laboratory application (ARRL application) and it includes:
• The live image corresponding to the video signal from the IP camera located in the laboratory. • Overlapping elements to the video image that improve the Human-Machine Interface (HMI), using AR technics. Figure 4 shows this interface with AR labels that indicate each of the main elements of the experimental system, as well as the instantaneous rotation speed of the engine bench. In addition, the labels are interactive, so that the student can access to specific information about each element by clicking on the corresponding label. Figure 4 also shows the window displayed when the student selects the DC motor label. • The control of the input/output elements of the experimental system according to the signals introduced by the student and to the requirements of each experiment. • Safety extent necessary to ensure the correct use of the engine bench. • A table where the student must enter the data directly obtained from the engine bench. These data 10th IFAC ACE August 28-30, 2013. Sheffield, UK will be used for calculations necessary to obtain the linear model of the synchronous generator, as indicated in section III. • A figure that presents the evolution of the controlled signals along the experiment. The ARRL is then integrated in the Learning Management System (LMS), item 6 in figure 3 , to which the student can access through a web browser, item 7 in figure 3, to perform the lab work. In this case, the LMS used in this lab is Moodle, figure 4 , whose learning potential is very useful to manage the different experiments designed.
In order to do that, previously, the student must have authenticated to the LMS and perform an experimental system reserve. Figure 3 . General scheme of the class lab by the remote testing bench.
Safety issues
In this subsection, the safety issues implemented in the ARRL application are presented. As mentioned before, in the experiments carried out with commercial electrical machines the safety issues become drastically important. The fact of using a remote testing bench erases the danger for the people: the user is at home while doing the experiment. However, the safety of machines goes on being necessary to consider.
In order to preserve the physical elements, software possibilities has been used. On the one hand, several protective measures have been implemented related to the machines rotational speed. These consist basically of avoiding an abrupt increase of this parameter, whose control is available in the ARRL application, and avoiding the rotational speed rises above 1700 rpm either by a direct command or by an abrupt decrease of the field current. On the other hand, the second parameter that can be controlled by the user, the field current, has been also involved in order to avoiding abrupt swings. Notice that a sudden drop in this parameter can result in a sharp rise in rotational speed.
Lastly, the evolution with time of both control parameters has been shown in the ARRL application and registered to be evaluated by the professor. This may be a deterrent for the student to misuse the system.
EXPERIMENTAL SYSTEM APPLICATIONS
The constitution of the experimental system is the base to design the class lab to be carried out through it. In this case, the experimental system is constituted by a synchronous machine driven by a DC engine. Therefore, the possible classes lab are related to its modelling, to the reproduction of its functioning within different conditions and, finally, to its control. All of them referred to the synchronous machine. Mora (2003) , the establishment of the non-linear according to the Potier method, Mora (2003) , and the testing of performance of both, with the alternator connected to a known load. Secondly, about the synchronous machine functioning, other set of classes lab may be proposed. For example, connecting the machine to a specific known load, the student may study the evolution of voltage and current in the point of connection, as well as the signals frequency, when field current is varying and/or the power coming from the DC engine. The relations field current / alternator voltage and DC engine power / signals frequency may be studied using the developed experimental system.
Into this set of experiments about the functioning of the machine, other classes lab may be also proposed. They are related to the study of the behaviour of the machine when it is connected to an infinite power net. To do that, the first step would be the connection of the alternator to the net. It is an interesting problem which involves restrictive security challenges to be overcome through software in the remote testing bench. Once the machine is connected to the net, the student may analyse the variations of active and reactive power injected to the grid when the DC engine power and the field current are modified.
Finally, with respect to the classes lab about the control of the machine, the possibilities are numerous and varied. They can be classified into two sets. The first one is related to the control of load voltage and frequency when the machine is connected to the load in an islanded way. The second one is related to the control of active and reactive power injected to the net when the machine is directly connected. For example, the V of Mordey curves representation, Mora (2003) .
As an example, figure 4 presents the ARRL corresponding to the class lab in which the students must calculate the alternator synchronous impedance. To do that, they must carry out the vacuum and shortcircuit assays to the synchronous machines. Keeping constant the rotation speed, they progressively increase the field current and annotate the stator voltage and current values. Those data are used to make off-line the necessary calculations. This class lab has been proposed to the students of Electrical Machines, a course included in several degrees at University of Huelva.
CONCLUSIONS
In this paper, a remote testing bench to carry out lab classes with electrical machines has been presented. It allows an engine bench to be controlled and tested. The user interface has been improved by means of AR techniques to provide to the student additional information about the different elements of the system. The procedure to perform the lab work is very similar to the followed in the traditional laboratory classroom. As advantage, the developed remote testing bench make that the possibility of carrying out the lab class is available for all the students at any time. The necessary security challenges are overcome by software within the developed remote testing bench.
